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Background: Coronary artery disease (CAD) is a common cardiovascular disease that has attracted attention worldwide due to its high morbidity and mortality. Recent studies have shown that abnormal microRNA (miRNA) expression is effective in CAD diagnoses and processes. However, the potential relationship between miRNAs and CAD remains unclear.
Methods: Microarray datasets GSE105449 and GSE28858 were downloaded directly from the Gene Expression Omnibus (GEO) to identify miRNAs involved in CAD. Target gene prediction and enrichment analyses were performed using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG).
Results: There were nine differentially expressed miRNAs in CAD patients compared to the controls. A total of 352 genes were predicted and subjected to GO analysis, which showed that differentially expressed genes (DEGs) were mainly associated with axon guidance, neuron projection guidance, neuron-to-neuron synapses, and postsynaptic density. According to the KEGG pathway analysis, the most enriched pathways were those involved in transcriptional misregulation in cancer, growth hormone synthesis, secretion and action, endocrine resistance, axon guidance, and Cushing syndrome. Pathway analysis was mainly involved in the HIPPO and prion disease signaling pathways. Furthermore, a competing endogenous RNA (ceRNA) interaction network centered on miR-22-3p revealed eight related transcription factors in the cardiovascular system. The receiver operating characteristic (ROC) curve analysis suggested that miR-22-3p may be a better CAD predictor.
Conclusion: The results indicate that miR-22-3p may function in pathophysiological CAD processes. Our study potentiates miR-22-3p as a specific biomarker for diagnosing CAD.
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1 INTRODUCTION
Coronary artery disease (CAD) is a cardiovascular disease with a high global morbidity and mortality rate. Globally, it has caused serious social and economic burdens and has become a major health problem (Karakas et al., 2017). Although advancements in medical technology have continuously improved CAD treatment methods, including double-chain antiplatelet, enhanced low-density lipoprotein cholesterol reduction, and coronary stent implantation, there is still a lack of one or more biomarkers with high specificity and sensitivity for early diagnosis of CAD (Thomas and Lip, 2017). Therefore, it is of great significance to find biomarkers for early diagnosis of CAD through non-invasive and convenient methods. MicroRNAs (miRNAs) are a group of naturally occurring non-coding small RNAs, 21–25 nucleotides long, which regulate the expression of target genes by specifically inhibiting or degrading the translation of target mRNAs. It has been recently discovered that detecting non-invasive biomarker miRNAs (such as miR-15b-5p, miR-29c-3p, and miR-199a-3p) can provide a powerful means for predicting and diagnosing CAD (Su et al., 2020), helping clinicians provide the best prevention and treatment plans for CAD patients as soon as possible. Biomarker miRNA detection can greatly improve the overall prognosis of CAD patients.
Selective coronary angiography (CAG) is the current gold standard for diagnosing CAD. However, this surgical method is invasive, cumbersome, and expensive. It is mainly used in the late stages of the disease when multiple blood vessels are affected or arteries are seriously stenosed (Su et al., 2020). At present, the most widely used traditional biomarkers for diagnosing coronary heart disease, such as creatine kinase MB, B-type brain natriuretic peptide precursors, and high-sensitivity troponin T/I, are affected by age, genetic background, heart-related diseases, drugs, and lifestyle and cannot be used for early diagnosis of acute myocardial infarction nor can they predict the future complications of coronary heart disease (Raggi et al., 2018; Tanase et al., 2021).
In recent years, deep sequencing and microarrays have effectively detected complex networks in the atherosclerosis process. They can be used as biomarkers in CAD patient diagnosis and prognosis (Tan et al., 2017). The combination of microarray technology and bioinformatics analysis methods can comprehensively analyze the early-to-late module of gene expression changes in atherosclerosis development (Gu et al., 2021). Gene Expression Omnibus (GEO) is a public database containing numerous human gene profiles for multiple diseases. It is commonly used to screen for differentially expressed genes (DEGs) and construct regulatory networks of gene interactions (Meng et al., 2021). Bioinformatics analysis methods can provide effective biomarker candidates for clinical trials and clinical practice (Cheng et al., 2019). Lin et al. analyzed differentially expressed long non-coding RNAs (lncRNAs) (DELs) and differentially expressed coding genes in vascular smooth muscle cells (human aortic smooth muscle cells (HASMCs)) and found that hypoxia-inducible factor-1 alpha (HIF-1α) antisense RNA2 partially inhibited HASMC proliferation through the miR-30e-5p/ccnd2 axis (Lin et al., 2021). Another bioinformatics analysis study identified miRNA-376a-3p as a novel biomarker in CAD patients (Du et al., 2020).
In this study, we downloaded the original data of CAD and healthy control samples for microarray analysis from the GEO database. We used bioinformatics analysis methods to potentiate effective candidate biomarkers and key factors for early CAD screening and prognosis determination.
2 MATERIALS AND METHODS
2.1 Data acquisition
The GEO query package (Kok et al., 2015) of RStudio (version 3.6.5, http://r-project.org/) was used to download the coronary heart disease expression profile datasets GSE105449 (de Ronde et al., 2017) and GSE28858 (Sondermeijer et al., 2011) using Homo sapiens samples. The GSE105449 dataset was used as the test set. The platform was based on GPL22949, including 38 blood samples from patients with cardiovascular disease, 25 blood specimens from healthy individuals taking cardiovascular disease drugs (control 1), and 42 blood samples from healthy individuals not taking cardiovascular disease drugs (control 2). The GSE28858 dataset was a GPL8179-based validation set and included 12 blood samples from patients with cardiovascular disease and 12 blood samples from normal subjects (Table 1). We processed the raw data from the GSE105449 and GSE28858 datasets via the “affy” package (Gautier et al., 2004) and background-corrected and normalized the data. The gene expression matrices of the two datasets were obtained separately. The effect of inter-sample correction was demonstrated by plotting BOX and principal components analysis (PCA) with the “ggplot2” package (Wilkinson, 2011).
TABLE 1 | Information of two datasets.
[image: Table 1]2.2 Boxplot analysis of the hsa-miR-22-3p gene
The hsa-miR-22-3p gene expression distribution values under different groups in the GSE105449 and GSE28858 datasets were visualized using a boxplot.
2.3 Receiver operating characteristic (ROC) analysis of the hsa-miR-22-3p gene
The GSE105449 and GSE28858 datasets were analyzed using the pROC package to construct a hsa-miR-22-3p molecular expression and prediction outcome model using the area under the ROC curve (AUC) to analyze prediction efficacy. The AUC value is the total area covered by the ROC curve. A larger AUC value indicated a better classifier.
2.4 DEG screening
We screened the GSE105449 dataset for DEGs by downloading the “limma” package (Ritchie et al., 2015), and heatmaps were drawn using the pheatmap package (Kolde, 2019) to show the differential distribution of sample DEGs. The DEG volcano maps were illustrated using the “ggplot2” package to present the differential expression of DEGs.
2.5 miRNA and mRNA network analysis and functional analysis
The miRWalk database (Dweep and Gretz, 2015) predicted nine DEGs, and the DEGs were demonstrated using Target Scan’s gene list. DEG Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed using the clusterProfiler package (Yu et al., 2012), and p < 0.05 was considered statistically significant. The DIANA TOOLS database showed pathway maps for pathways enriched in KEGGs (Vlachos et al., 2015).
2.6 DEGs and lncRNA network analysis
Possible lncRNAs for DEGs were predicted from the starBase v2.0 database (Ma et al., 2015), screening experimental grade >1. DEGs correlated with miRNAs, and lncRNAs were visualized using Cytoscape.
2.7 DEGs and transcription factor network analysis
We predicted the possible transcription factors of DEGs from the TransmiRv2.0 database (http://www.cuilab.cn/transmir) and visualized DEGs with transcription factors and the tissue association results using Cytoscape.
2.8 Statistical analysis
All data processing and analyses were performed using R software (version 4.0.2). For comparisons between two groups of continuous variables that conformed to a normal distribution, an independent Student’s t-test was used to determine whether the variables were statistically different. For comparisons between non-normally distributed variables, a Mann–Whitney U-test (i.e., Wilcoxon rank-sum test) was used to analyze whether there was a statistical difference. Statistical significance between the two sets of categorical variables was compared and analyzed using a chi-square test or Fisher’s exact probability test. The correlation coefficients between different genes were determined using Pearson’s correlation analysis. All statistical p-values were two-sided, and statistical significance was set at p < 0.05.
3 RESULTS
3.1 DEG screening
Supplementary Figure S1 shows the boxplots illustrating GSE105449 and GSE28858, and Figure S2 displays the PCA plots. Their findings showed that the samples of the two groups clustered more obviously after preprocessing, indicating that the samples were obtained from reliable sources. The GSE105449 dataset consisted of the case, control 1, and control 2 groups. The expression of miR-22-3p in the three groups of samples was detected and plotted with a box diagram (Figure 1A) and heat map (Figure 1B). In the case group, the disease groups were divided into high- and low-expression groups based on the median miR-22-3p value, and volcano plot analysis was performed to obtain nine DEGs: hsa-miR-365a-3p, hsa-miR-22-3p, hsa-miR-1274b_v16.0, hsa-miR-505-3p, hsa-miR-892b, hsa-miR-1305, hsa-miR-720, hsa-miR-129-1-3p, and hsa-miR-1288 (Figure 1C). The case group versus control 1 group and case group versus control 2 group DEGs were obtained using the “limma” package, and a Venn diagram displays the three-part genes (Figure 1D).
[image: Figure 1]FIGURE 1 | Acquisition of DEGs from the GSE105449 dataset. (A) Boxplot showing miR-22-3p expression. (B) Heatmap showing the mRNA expression profiles of case samples, control 1 and control 2. (C) Volcano map of DEGs. Red, green, and gray represent upregulated differential genes, downregulated differential genes, and no differential genes, respectively. (D) Venn diagram of overlapping DEGs from the intersection of two independent groups.
The GSE28858 dataset was used as the validation set and included the case and control groups. Hsa-miR-22-3p expression in the samples of both groups was extracted, as the boxplot (Figure 2A) and heatmap (Figure 2B) show. In the case group, the median hsa-miR-22-3p value was used to divide the high- and low-expression groups, and volcano plot analysis was performed to obtain 216 DEGs (Figure 2C). The Venn diagrams of the common differentially expressed miRNAs in both datasets detail this (Figure 2D).
[image: Figure 2]FIGURE 2 | Acquisition of DEGs from the GSE28858 dataset. (A) Boxplot showing miR-22-3p expression. (B) Heatmap showing the mRNA expression profiles of case samples, control 1 and control 2. (C) DEG volcano map. Red, green, and gray represent upregulated differential genes, downregulated differential genes, and no differential genes, respectively. (D) Venn diagram of overlapping DEGs from the intersection of two independent datasets GSE105449 and GSE28858.
3.2 Correlation analysis of DEGs
The miRWalk website was used for DEG target gene prediction, and three DEGs (hsa-miR-22-3p, hsa-miR-129-1-3p, and hsa-miR-365a-3p) were included, with a validation level of 352 target genes predicted for enrichment analysis. GO analysis showed that the DEGs were mainly associated with axon guidance, neuron projection guidance, neuron-to-neuron synapses, and postsynaptic density (Figures 3A–D). Supplementary Table S1 details the results. The KEGG analysis (Figures 3E,F) revealed that the pathways enriched by DEGs mainly included transcriptional misregulation in cancer, growth hormone synthesis, secretion and action, endocrine resistance, axon guidance, and Cushing syndrome. Pathview-enriched pathways mainly involved the HIPPO signaling and prion disease pathways (Figures 4A,B).
[image: Figure 3]FIGURE 3 | Functional correlation analysis of DEGs. (A) Functional enrichment analysis of the overall biology of GO. The X horizontal axis indicates the proportion of DEGs enriched in the GO terms, and the color of the dots shows the significant p-value: the redder the color, the smaller the corrected p-value; the bluer the color, the larger the corrected p-value. The size of the dots represents the number of enriched genes. (B) BP functional enrichment analysis; the color of the dots indicates the |logFC| of the genes. (C) CC functional enrichment analysis. (D) MF functional enrichment analysis. (E) KEGG pathway enrichment analysis. (F) Top five KEGG-enriched signaling pathways and related genes.
[image: Figure 4]FIGURE 4 | Pathview analysis of DEGs. (A) Pathview pathway map of the HIPPO signaling pathway. (B) Prion disease pathway map. Colors represent the location of DEGs in this pathway, and red represents upregulated genes.
3.3 Analysis of the competing endogenous RNA interaction network
The ceRNA interaction network of mRNA–miRNA-long intergenic non-coding RNA (lincRNA) was constructed using miR-22-3p as the center. As Figure 5A shows, 37 possible lncRNAs for DEGs were predicted by Starbase V2.0, and 142 possible lncRNAs for DEGs were predicted by the miRWalk database. Potential transcription factors for DEGs were predicted using the TransmiR v2.0 database (Figure 5B) for various tissues, such as the heart, kidney, and liver. A total of eight associated transcription factors, CCCTC-binding factor (CTCF), JUN, JUND, NFATC1, NFE2L2, RAD21, RELA, and TAL1, were identified in the cardiovascular system.
[image: Figure 5]FIGURE 5 | Interaction network analysis. (A) ceRNA network analysis. The red triangle represents miRNA, blue represents lncRNA, and green represents target genes. (B) Target gene-transcription factor analysis. Red represents miRNA genes, blue represents relevant disease tissue, and pink represents transcription factors.
3.4 ROC curve analysis
ROC curves of the GSE105449 and GSE28858 datasets were constructed with miR-22-3p as the center. The area under the AUC curve of GSE105449 was 0.719 (Figure 6A), whereas the area under the AUC curve of the GSE28858 validation set was 0.642 (Figure 6B).
[image: Figure 6]FIGURE 6 | ROC curve analysis. (A) ROC curve of GSE105449. (B) ROC curve of GSE28858.
4 DISCUSSION
Numerous studies have found that miRNAs play a large role in cell differentiation, biological development, and disease development. Evidence indicated that circulating miRNAs are crucial in CAD progression (Mayr et al., 2021). However, there is no consensus regarding which miRNAs are clinically relevant for cardiovascular disease expression. miR-22-3p was first discovered as a miRNA with antitumor properties (Pandey and Picard, 2009). Previous studies have reported that miR-22-3p is abundantly expressed in the heart (Hu et al., 2012), where it is vital in vascular remodeling (Zheng and Xu, 2014) and cardiac hypertrophy (Gurha et al., 2012a; Huang et al., 2013). Our previous research confirmed that miR-22-3p directly targeting the transcription factor specificity protein 1 (Sp1) suppresses vascular smooth muscle cell proliferation and migration and vascular neointima formation (Zhang et al., 2020). Zeng et al. (2021) reported that circular RNA circMAP3K5 acts as a miRNA-22-3p sponge and the circMAP3K5/miR-22-3p/TET2 axis may be a potential target for endothelial proliferation-related diseases, including revascularization and atherosclerosis. Recent studies have reported dysregulation of signal transducer and activator of transcription 1 (STAT1), miR-150, miR-223, miR-21, and miR-25 in the peripheral blood mononuclear cells (PBMCs) of patients with definite CAD (Nariman-Saleh-Fam et al., 2019; Saadatian et al., 2019). Another study suggested that miR-22-3p was downregulated in CAD patients and promoted CAD progression by targeting the inflammatory response-related factor monocyte chemoattractant protein-1 (MCP-1) (Chen et al., 2016). The present studies on miRNAs are controversial and inconsistent, and the mechanisms and potential significance of miRNAs regulating CAD-associated gene levels remain unclear (Zhelankin et al., 2021).
In this study, we identified potential miRNAs for the diagnosis and treatment of coronary heart disease based on two GEO datasets by analyzing differences in the expression of critical genes. However, the present study observed that PBMC miR-22-3p was increased in CAD patients compared to healthy control individuals (control 1 and control 2), suggesting that miR-22-3p upregulation might be crucial in the early stages of disease progression.
Three sets of DEGs (hsa-miR-22-3p, hsa-miR-129-1-3p, and hsa-miR-365a-3p) were subjected to functional enrichment analysis. The aforementioned three miRNAs have been studied in the context of tumors, including breast cancer and intestinal tumors, and for their protective role in chemotherapeutic drugs against myocardial toxicity. Li et al. (2020) constructed miRNA expression profiles of rutin (RUT) interfering with anthracycline pirarubicin (THP)-induced cardiotoxicity in rats using microarray technology. They found that RUT reversed these results, suggesting that miR-129-1-3p might be a new therapeutic target for THP-induced cardiotoxicity and breast cancer. Circonol C1 promotes breast cancer progression by targeting the miR-365a-3p/STAT3 axis, while propofol inhibits Circonol C1 by reducing STAT3 expression (Liu et al., 2021). Previous studies have found that miR-129-1-3p, subjected to cyclic stretch, can activate Runx2 and vascular endothelial growth factors (VEGFs) to promote endothelial differentiation and angiogenesis in endothelial progenitor cells (EPCs), which could be a potential candidate for treating vascular injury (Li et al., 2019). miR-22 has been well-studied in various tumor metastases. It is an important epigenetic regulator that promotes epithelial–mesenchymal transition (EMT) and multifunctional metastasis in breast cancer (Kong et al., 2014). During the last decade, miR-22 has been shown to participate in angiogenesis, age-associated vascular diseases, and cardiac hypertrophy (Gurha et al., 2012a; Zheng and Xu, 2014; Takeda et al., 2016). miR-22 is significantly elevated in the aging rat heart, which partly accelerates cardiac fibroblast senescence (Jazbutyte et al., 2012). Targeted miR-22 knockdown promotes myocardial contractile function dysregulation (Gurha et al., 2012b). In an ischemia–reperfusion injury model, miR-22 was found to protect the heart by directly targeting the CREB binding protein (CBP), in part, through the CBP/AP-1 pathway to reduce apoptosis and inflammatory injury (Yang et al., 2014). Another observational study analyzed patients with CAD, including stable angina, unstable angina, non-ST-segment elevation myocardial infarction, or ST-segment elevation myocardial infarction, and found significantly reduced miR-22 expression levels in PBMCs using a real-time polymerase chain reaction (qRT-PCR) assay (Chen et al., 2016). However, the results of some studies are consistent with our results. These studies found that circulating miR-22-3p was significantly upregulated in CAD patients compared to healthy subjects (Coffey et al., 2015; Zhong et al., 2020). Therefore, in patients with coronary heart disease, the increase and decrease in miRNA levels is affected by the sample sources (such as heart tissue, plasma, platelets, and monocytes) and complications.
Enrichment analysis was performed on 352 predicted target genes. The DEG-enriched pathways mainly included transcriptional misregulation, growth hormone synthesis, secretion and action, endocrine resistance, axon guidance, and Cushing syndrome. The Pathview-enriched pathways were mainly related to the Hippo signaling and prion disease pathways. The Hippo signaling pathway is a cellular signaling pathway that is significant in animal development and is responsible for regulating cell proliferation and organ growth (Zhao et al., 2019). The core of the mammalian Hippo signaling pathway consists of large tumor suppressor kinase 1/2 (LATS1/LATS2), macrophage stimulating 1/2 (MST1/MST2), tumor suppressor protein MOB1, and transcriptional activator protein yes-associated protein (YAP) (White et al., 2019). The crystal structure of the human MOB1-NDR2 protein complex has been analyzed to show that MOB1 binding to LATS1/2 is essential for tissue growth and organ development, whereas MOB1 binding to MST1/2 is not vital (Moya et al., 2019). Significant discoveries have been made in the study of the Hippo pathway in the cardiovascular system (Ardestani et al., 2018; Wang et al., 2018). YAP/TAZ is crucial in the proliferation and differentiation of progenitor cells and contributes to homeostasis maintenance in adult cardiomyocytes (Mosqueira et al., 2014). The Hippo-YAP pathway alters the production or degradation of the extracellular matrix and growth and migration of vascular smooth muscle cells and endothelial cells, thereby promoting vascular remodeling (He et al., 2018). CAD-associated functional proteins negatively regulate Hippo signaling in the endothelium, causing increased activity of YAP, a transcriptional effector of this pathway, leading to endothelial cell dysfunction that contributes to atherogenesis (Jones et al., 2018). YAP activation after myocardial infarction preserves cardiac function and reduces infarct size. Cardiac-specific YAP activation reduces myocardial injury, promotes myocardial regeneration and repair, improves cardiac function, and may improve survival (Lin et al., 2016). Functional enrichment analysis showed that miR-21-5p and miR-135b are associated with the Wnt and Hippo pathways, respectively, and may be associated with arrhythmogenic right ventricular cardiomyopathy (ARVC) (Byun et al., 2019). In conclusion, the Hippo signaling pathway is vital in cardiovascular processes, such as vascular smooth muscle cell remodeling, vascular endothelial growth, cardiac regenerative repair, and cardiomyopathy. However, its signaling interactions, pathophysiological mechanisms, and functional roles in the cardiovascular system remain to be investigated in depth.
We constructed an mRNA–miRNA–lincRNA ceRNA interaction network centered on miR-22-3p and used the starBase v2.0 and miRWalk databases to predict eight related transcription factors associated with cardiovascular disease, namely, CTCF, JUN, JUND, NFATC1, NFE2L2, RAD21, RELA, and TAL1. Several studies have been conducted on the aforementioned hub genes in various diseases. For instance, CTCF is a key chromatin architecture protein that binds to insulators, regulates enhancer–promoter interactions for transcriptional insulation, and acts as a transcriptional repressor to regulate gene expression (Shukla et al., 2011; Huang et al., 2021). More studies have shown that CTCF protein binding is influenced by DNA methylation levels in the cystathionine β-synthase (CBS) motif region and that CTCF haplotype dose expression can affect DNA methylation stability (Kemp et al., 2014). Nuclear factor E2-related factor 2 (NRF2) is encoded by the NFE2L2 gene, and the NRF2/ARE signaling pathway is considered a potential therapeutic strategy for antioxidative stress-mediated diseases, such as diabetes, fibrosis, and cancer (Thiruvengadam et al., 2021). NFE2L2 polymorphism is associated with acute type A aortic coarctation risk and severity in a Chinese Han population (Zhang et al., 2021). RAD21, RELA, and TAL1 are reportedly associated with tumors (Wu et al., 2019; Cao et al., 2021; Wang et al., 2021). However, few studies have investigated the relationship between hub genes and CAD. Therefore, this study is the first to potentiate eight CAD-associated hub genes (CTCF, JUN, JUND, NFATC1, NFE2L2, RAD21, RELA, and TAL1). However, this study had some limitations. First, the sample size for this study was relatively small, which could be a significant factor. Second, this project only completed bioinformatics analysis and did not provide experiments to further validate the aforementioned results. Subsequent studies will include cellular and animal experimental mechanism studies and clinical sample histological studies.
In conclusion, the present study suggests that miR-22-3p may be crucial in the onset and course of CAD. Our findings may provide potential targets for future CAD diagnoses and treatments.
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